Abstract: Low molecular wieght 1,2-polybutadiene (Aldrich) tacticity was determined by 13 CNMR (100.6 MHz). It was found that the olefinic methylene carbon has the highest splitting and a combination of pentad and heptad sequences was determined which is in agreement with the theoretical calculations. For the first time aliphatic methine carbon assignment of 1,2-polybutadiene was performed. Furthermore, olefinic methine carbon assignment was also performed and the results were compared with the theoretical calculations. For all carbons Bernoullian and first-order Markov-chain propagation statistics were used to fit the experimental data and a good agreement was obtained indicating an atactic polymer (P m = 0.467). It was shown that the most probable reaction before gelation which happens by heating the polymer under vacuum at 250 o C, is crosslinking accompanied with methyl group formation. The decrease in double bond intensity of the pendant group together with constant cis and trans double bond intensities were observed. During heating the syndiotactic triad sequences are consumed indicating that no cyclization has happened.
Introduction
Controlled placement of pendent group in vinyl polymers has been extensively studied by 13 CNMR [1, 2] . 13 CNMR spectroscopy is the best available technique to study the stereoconfigurational placement of pendant groups in vinyl polymers specially 1,2-PBD [3, 4] . Although the relation between stereoregularity and 13 CNMR has been drawn for many different vinyl polymers, the determination of stereoregularity of 1,2-PBD is limited to triad [3] and pentad [4] distribution. Synthesis of stereospecific 1,2-PBD has prompted us to undertake an investigation of the pentad and heptad distribution in order to obtain a better insight into the mechanism of propagation reaction. In addition, the tacticity analysis of 1, 2-PBD is also studied.
Various factors influence the microstructure of polybutadiene chains and its degradation. Among them the effect of radiation [5] , UV [6, 7] , ozone [8] , pressure [9] and heat has been studied in different environment especially in the presence of oxygen [10] [11] [12] . One of the most important parameter which affects 1,2-PBD structure and its degradation under inert atmosphere or vacuum is heat [13] [14] [15] [16] [17] [18] [19] [20] . Basically, different temperatures in the above conditions, induce different mechanisms of reactions on 1,2-PBD.
According to the reports, temperatures up to 200 o C have no significant effect on the pendant double bond decay although some slow rate changes in physical and mechanical properties were observed [17] . At the temperatures of 300 o C and higher, degradation is mainly of pyrolytic or type I cyclization accompanied with weight loss.
In the case of pyrolytic degradation the preferred mechanism is chain scission with butadiene monomer and quaternary carbon formation based on hydrogen transfer [13, [21] [22] [23] .
In the temperatures range 200 -300 o C especially around 250 o C in anaerobic conditions, nonpyrolytic type II cyclization and intermolecular crosslinking have been reported [13] . In some studies by NMR and IR spectroscopy the formation of methyl group and crosslinking have been reported [13] [14] [15] [16] . Some studies show pendant double bond decrease without any variation in 1,4 double bond [17] while other reports indicate intramolecular cyclization [2+2] through reaction of 1,2 vinyl with neighbouring 1,4 double bonds [16, 20] . The extent of 1,2 and 1,4 vinyl is used to follow the reaction mechanisms.
Golub [16] studied several PBDs with different 1,2 vinyl contents. Based on his studies, in high 1,2 vinyl content (~%90) one methyl group is formed for every 4-5 vinyl units lost in 1,2 PBD , while in lower 1,2 vinyl content PBDs (~%10) this value is about one methyl for each vinyl loss.
In the present work, the effect of temperature on the tacticity and structural change of low molecular weight 1,2 PBD (Aldrich) was studied using 1D and 2DNMR spectroscopy and the most probable reaction mechanism was proposed.
Results and discussion

Tacticity of 1,2-PBD
The olefinic methylene carbon is sensitive to the monomer insertion along the macromolecular chains and the resonance of this carbon shows different chemical shifts due to the microstructure. Mochel [3] studied with 25.1 MHz 13 CNMR the olefinic methylene carbon in 1,2-PBD and observed only three peaks for triad configuration. Then Kumar et. al. [4] with 67.88 MHz 13 CNMR observed six peaks for pentad configuration with some overlapped peaks. CNMR spectrum of olefinic methylene carbon of 1,2-PBD in CDCl 3 at 100.6 MHz.
We studied this carbon with 100.6 MHz 13 CNMR instrument and observed eleven peaks for pentad and heptad configuration as shown in Figure 1 . Attempts was made to assign the observed fine structure of this carbon resonances to pentad and heptad placements in order to obtain the type of statistics which correlate well for chain propagation in polymer. The experimental data was tested for Bernoullian and firstorder Markov models of chain propagation and the results are shown in Table 1 . All data in Table 1 were adapted with calculated data and almost atactic 1,2-PBD was recognized.
The meso probability P m of the polymer chains was obtained to be 0.467. Furthermore, the sum of square of difference between observed and calculated Bernoullian data is practically equal to those of Markov statistics so that a decisive argument can not be made between these two models. Figure 2 shows the olefinic methine carbon. The pentad and heptad placements for this carbon were assigned using the data calculated for methylene carbon. The number of peaks observed for the methine carbon is less than that of methylene carbon. 13 CNMR spectrum of olefinic methine carbon of 1,2-PBD in CDCl 3 at 100.6 MHz.
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This may be due to the larger sweep width of methylene carbon. However, Kumar attributed higher number of peaks to the methine carbon [4] . The experimental data are shown in Table 2 including Bernoullian and first-order Markov models. Figure 3 shows the aliphatic methine carbon spectrum obtained with pulse program DEPT 135. This technique is used to separate methine and methylene carbons. Based on the results obtained by DEPT 135, we found that the aliphatic methylene carbon of 1,2 vinyl overlaps with aliphatic methine carbon of adjacent cis and trans 1,4-PBD isomers. Consequently, it is difficult to assign the peaks. On the other hand, methine aliphatic carbon of 1,2 vinyl is completely isolated from the other peaks where there is no connection with cis and trans 1,4-PBD so that the assignment can be readily performed on it. According to the pentad and heptad assignments of olefinic methine and methylene carbons which were performed earlier in this work, the same calculations for these two carbons were also done and the results are presented in the It can be concluded that higher NMR magnetic field causes better resolution resulting in higher peak splitting up to heptad sequences in this work. Among protons in 1,2-PBD, olefinic methylene proton has the capability of triad assigning due to its streoregularity and the absence of overlapping with other protons. Due to the limited sweep width in 1 HNMR spectra, higher sequences are not observed. or Figure 4 shows the heteronuclear multiple quantum coherence 2DNMR (HMQC) spectrum of 1,2-PBD and its triad sequences. As it can be seen from the Figure 4 , syndiotactic and isotactic placement are observed in downfield and upfield regions of the spectrum respectively. The other protons in 1,2-PBD cannot be assigned due to the overlapping with protons of cis and trans structures.
Proposed mechanisms of thermal rearrangement
Several reactions have been reported for 1,2-PBD heated at the temperatures around 250 o C in anaerobic conditions. They can be divided into two categories of intramolecular cyclization and intermolecular crosslinking. Three different reaction mechanisms of cyclization which are proposed in the literature can be shown as follows: (1) (2) (3) Scheme 1. Intramolecular rearrangement mechanisms.
In the type II reaction No.1 there is no methyl group formation [24] while in the reaction No.2 methyl group and quaternary carbon are formed [16] . The significance of these two reactions is that for the cyclization two pendant 1,2 vinyl groups must be in the meso form for increased collision and formation of cycled structure.
Finally in reaction No.3 one pendant vinyl group reacts with one double bond of cis or trans conformers and a cycled structure is formed [7] . Through this mechanism double bonds in cis and trans isomers are decreased as well. The second category of intermolecular reactions which leads to crosslinking are suggested in Scheme 2.
In the reaction No.4 with 1,2 vinyl double bond loss, methylene and aliphatic methine carbon are simultaneously produced [17] while in the reaction No.5 in the expense of 1,2 vinyl double bond loss, a methyl group as well as two methine groups are formed [16] . At the same time aliphatic methylene carbon is lossed. All possible reactions and the related transformations can be followed by NMR. 
Crosslinking and methyl group formation
The experiments were performed at 250 o C in anaerobic condition at different times until full crosslinking. IR and NMR spectroscopy were used to follow the changes. Spectral changes in 1,2 PBD during heating [13] as well as complete peak assigned PBD have been reported [25] . Figure 5 shows the FT-IR of PBD-0 and PBD-60. As can be seen from the Figure 5 , a new peak at 1373 cm -1 corresponding to the methyl group vibration appeared in the PBD-60 spectrum. Furthermore, the ratio of peak area 993 cm -1 / 967 cm -1 which are olefinic 1,2 vinyl vibrations and olefinic 1,4 trans double bond respectively is relatively decreased. This indicates that 1,2 vinyl band is being consumed during the heating. In addition, and as reported by Golub [16] , there is a decrease in 1417 cm -1 and 1639 cm -1 peak areas comparative to that of 1447 cm -1 indicating the consumption of vinyl group. 13 CNMR spectrum several new carbon absorptions can be detected which are tabulated in Table 4 . The newly formed peak is circled in the Figure 6 for PBD-60 in 1 ppm is in doublet form which means that it is connected to an adjacent methine group. All the new formed carbons were analyzed and defined using DEPT 135 and DEPT 90. It was found that they are methine, methylene and methyl carbons but no quaternary carbons are produced during the heating. In fact there is no peak loss in DEPT procedure performed on different samples. The absence of quaternary carbon proved that the reaction mechanism No.2 is improbable. To determine the type of newly formed carbons and protons and their connectivity 2DNMR was used. HMQC is an appropriate method to establish the direct connection between proton and carbon nucleus. Figure 8 shows such a correlation for PBD-60. In Figure 8 , methyl has been shown with the A contour and the only new peak in 1 ppm observed in 1 HNMR corresponds to methyl group. The A contour exists only in heated PBD and it is not seen in the original samples. Another point is that the newly formed carbons at 112-145 ppm are olefinic types and the remaining are aliphatic types. The B contour shows the connection between proton and carbon of the olefinic methylene which is isolated from the other peaks in carbon and proton spectrum. The C and D contours in the spectrum show the connection between proton and carbon of methine group of cis/trans and 1,2 vinyl respectively. In carbon spectrum the peaks are completely separated while in the proton spectrum they are overlapped. In the proton spectrum the right section of the spectrum corresponds to the cis/trans olefinic methine protons while the left one is related to the olefinic methine protons of 1, 2 isomer.
In order to distinguish the possible reaction mechanism and based on the characterization which was made on the olefinic cis and trans and totally isolated olefinic methylene protons of 1,2 vinyl in 1 HNMR, the percent of olefinic cis and trans protons in PBD samples was calculated using equation 6.
Percent of olefinic proton for cis and trans
In which a, b, c and d are the proton intensities of total aliphatic, methyl, olefinic methylene and olefinic methine respectively ( Figure 6 ).
The observed intensities of different types of peaks for PBD-0 to PBD-120 are shown in Table 5 . Using these values in equation 6 gave almost the same results for all PBD samples which discard the probability of the reaction No.3. Increasing the area of peak b in Figure 6 is accompanied with the decrease in that of the pendant olefinic protons which indicates that methyl formation at 1ppm is the result of 1,2 vinyl double bond elimination. If the b intensity is deducted from aliphatic region intensity, then its value is added to the olefinic region intensity and olefinic to aliphatic ratio remained constant concluding that the reaction No.5 is most probable. Equation 7 was used to calculate these variations in peak intensities. 
Based on the calculations, a constant value was obtained which confirms the reaction No.5 occurrence. Consequently, before gelation for each methyl group formation nearly one vinyl unit is lost. As mentioned earlier in the reaction No.4 with the elimination of vinyl 1,2 double bond a new methylene group having two protons and a methine group containing one proton are produced. In fact, the peak area of e (total protons of aliphatic methylene) must be increased in comparison with f (total protons of aliphatic methine) if the reaction No.4 is applicable. By contrast, the e/f ratio decreases with heating time as it can be seen from their respective peak areas (Table 5 ). Based on the above observations reaction No.5 is more probable than No.4.
Changes in triad sequences
Reactions No.1 and No.2 are among intramolecular reactions giving rise to the elimination of pendant double bonds and cyclization. In this regard, two pendant double bond groups must be in meso form. Consequently, intra chain cyclization is dominated, mm triad sequences decrease compared with mr and rr triad sequences or in another word rr sequences must be increased over all triad sequences. According to the calculations exactly opposite results were obtained. This trend is also true for aliphatic methine carbons as well as olefinic 1,2 vinyl. Meanwhile olefinic methylene carbons show higher resolution. As a result, the probability of reactions No.1 and No.2 decreases compared to the reaction No.5 and the latter can be illustrated in a more detail as seen in reaction No.8. It can be concluded that crosslinking in 1,2 PBD with high syndiotactic content has higher rate compared to the isotactic PBD. Accordingly, we propose the following structure based on an intermolecular mechanism: (8) Scheme 3. Proposed intermolecular rearrangement mechanism.
Conclusions
The assignment of aliphatic methine carbon of 1,2-polybutadiene was performed for the first time. Olefinic methine and methylene carbons assignment were also performed based on a combination of pentad and heptad sequences and the results were compared with Bernoullian and first-order Markov-chain propagation statistics. A good agreement was obtained indicating that the characterized PBD is in atactic form. By 2DNMR, the olefinic methylene triad sequences were assigned. The effect of heating PBD at different time intervals was studied and it was shown that the most probable reaction is intermolecular crosslinking of syndiotactic sequences in which one methyl group is formed for one vinyl unit lost without any change in cis and trans double bonds.
Experimental
Sample Preparation
1,2-PBD(46,686-7) was purchased from Aldrich (M W ≈ 5000). Its 1,2 vinyl content was calculated to be 85 mole percent by 1 HNMR spectroscopy. It was used as received. Two grams of this polymer was placed in glass tube with a diameter of 1.5 cm, 1 mm thickness and 25 cm long. To remove oxygen, vacuum of 10 -1 mmHg was applied to the tube at 70 o C followed by N 2 purging and further vacuum. The tube was sealed under vacuum. Reactions were performed by placing the tubes in high temperature oil bath at 250 ± 0.1 o C. In selected time intervals, tubes were withdrawn from the oil bath and they were rapidly quenched in liquid nitrogen to halt the reaction. Samples standing for 20, 60 and 120 minutes and PBD-0 without heat treatment were entitled PBD-20, PBD-60 and PBD-120. PBD-120 was crosslinked during heating and its NMR spectra were obtained in swelled form.
Characterization
The solution NMR spectra were obtained on a Bruker Avance 400 MHz. Sample concentration was about %20 (w/v) for CNMR spectra was acquired using 64K data points, spectral width 220 ppm, acquisition time 1.59s, relaxation delay 2s, pulse width 90 o , 20000 scans and the NOE was suppressed by gating the decoupler sequence.
The J-modulation time for the DEPT sequence was set to 3.57 ms after finding high power pulse for 90 and 180 degrees. DEPT was acquired using 64K data points, 10000 scan, acquisition time 1.37s, and relaxation delay 2s.
Gradient heteronuclear multiple quantum coherence (HMQC) experiments were performed using the standard Bruker pulse sequence. The spectra were obtained with 256 increments in the F 1 dimension and 1024 data points in the F 2 dimension, with 300 scans and relaxation delay 1.5s.
The IR spectra were obtained from casted samples on KBr discs using FTIR Bruker Equinox 55.
